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The accumulation of proteoglycans (PGs) in athero-
sclerosis contributes to disease progression and ste-
nosis and may partly depend on local regulation by
growth factors such as platelet-derived growth fac-
tor (PDGF) and transforming growth factor (TGF)-8.
In this study, the distribution of the major extracel-
lular PGs is compared with that of PDGF and TGF-f8
isoforms in developing lesions of atherosclerosis
from hypercholesterolemic nonhuman primates.
Strong immunostaining for decorin, biglycan, ver-
sican, and hyaluronan is observed in both interme-
diate and advanced lesions. Perlecan staining is
weak in intermediate lesions but strong in ad-
vanced lesions in areas bordering the plaque core.
Immunostaining for PDGF-B and TGF-1 is particu-
larly prominent in macrophages in intermediate
and advanced lesions. In contrast, TGF-B2 and
TGF-B3 and PDGF-A are present in both macro-
phages and smooth muscle cells. Overall, PG depos-
its parallel areas of intense growth factor immuno-
staining, with trends in relative localization that
suggest interrelationships among certain PGs and
growth factors. Notably, decorin and TGF-$1 are
distributed similarly, predominantly in the macro-
phage-rich core, whereas biglycan is prominent in
the smooth muscle cell matrix adjoining TGF-B1-
positive macrophages. Versican and hyaluronan are
enriched in the extracellular matrix adjacent to
both PDGF- and TGF-B1-positive cells. These data
demonstrate that PG accumulation varies with le-
sion severity, structural characteristics, and the
proximity of PDGF and TGF-B. (Am J Patbol 1998,
152:533-546)

Accumulation of extracellular matrix in the artery wall
contributes significantly to lesion mass in atherosclerosis
and in restenosis after angioplasty.'"® Proteoglycans
(PGs) and hyaluronan are major nonfibrillar components
of the extracellular matrix that have the potential to affect
lesion development by regulating events such as lipid
accumulation, thrombosis, and cell proliferation and mi-
gration and by affecting the material properties of the
tissue (reviewed in Ref. 1). At least three types of PGs, as
defined by their glycosaminoglycan content and core
protein sequence, are present in the extracellular matrix
of the artery wall and are synthesized by vascular cells in
vitro." These include a large aggregating chondroitin sul-
fate PG, versican,” which interacts with hyaluronan to
form large multimolecular aggregates; small leucine-rich
dermatan sulfate PGs, such as decorin and biglycan,
which interact with fibrillar matrix components like colla-
gen and elastin;®~"° and heparan sulfate PGs, such as
perlecan, which is a component of the basal lamina.
PG accumulation in vascular disease may be regu-
lated by locally released growth factors such as platelet-
derived growth factor (PDGF) and transforming growth
factor (TGF)-B.%'"12 Stimulation of cultured smooth mus-
cle cells (SMCs) by PDGF leads to an increase in hyalu-
ronan synthesis’® and up-regulation of versican synthe-
sis and post-translational modifications of the
glycosaminoglycan chains,”’ which may promote in-
creased lipid retention.'* ' TGF-B1 has been shown to
be five times more effective than PDGF, epidermal
growth factor, and fibroblast growth factor in stimulation
of smooth muscle PG synthesis in vitro,'® but it is unclear
whether other isoforms of TGF-B are similarly effective.
Distinct temporal and spatial patterns of expression of
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TGF-B1, TGF-B2, and TGF-83 have been demonstrated
during excisional wound repair in vivo'”*'® and pulmonary
fibrosis,'® but information on the relative localization of
these isoforms in arterial disease is limited. Versican and
biglycan expression are up-regulated by TGF-g1 in
SMCs with minimal effects on decorin expression.'''2
Thus, a particular pattern of PGs may reflect specific
regulation by locally released growth factors.

Although there are limited data regarding growth factor
and PG distribution in injury models®=5-2° and atheroscle-
rosis,?'~23 the relative distribution of PGs that accumulate
in developing lesions together with the factors that may
locally regulate PG deposition have not been evaluated.
Therefore, we have asked whether a particular pattern of
PG accumulation is observed in developing primary le-
sions of atherosclerosis in hypercholesterolemic nonhu-
man primates and how PG accumulation relates to the
localization of two potent stimulators of PG synthesis,
PDGF and TGF-B. We demonstrate that the type of PG
deposited in lesions of atherosclerosis depends on lesion
severity, structural features of the lesion, and coincident
or adjacent localization of PDGF and TGF-B.

Materials and Methods

Tissue

Segments of thoracic or abdominal aorta from the non-
human primate Macaca nemestrina were fixed with methy!
Carnoy’s and embedded in paraffin. Serial sections (~6
pm thick) were cut and placed on Superfrost/plus slides
(Fisher Scientific, Pittsburgh, PA). All of the male M. nem-
estrina had been hypercholesterolemic (0.5% cholesterol
diet) for 11 months and were placed on the diet when
they were between 3 and 5 years of-age.® Blood choles-
terol levels ranged between 650 and 760 mg/dl at the
time of sacrifice. Tissue was chosen to give representa-
tive examples of atherosclerosis at varying stages of
development, ie, fatty streak to advanced fibrous
plaques. The cephalad progression of lesions in the non-
human primate® allows the full spectrum of lesion stages
to be obtained from an animal after 6 to 12 months on the
diet. Advanced fibrous plagques are present in the iliac
arteries and lower abdominal aorta whereas early fatty
streaks and intermediate lesions are found in the thoracic
aorta. Nine lesions from six cholesterol-fed animals and
five normal aortas from animals on a regular diet were
examined immunohistochemically as described below.

Antibodies to PGs, Hyaluronan, and
Growth Factors

Rabbit polyclonal antisera specific for the core proteins
(amino-terminal peptides) of human biglycan (LF-51) and
decorin (LF-30) were generously provided by Larry
Fisher, National Institute of Dental Research, Bethesda,
MD.24 LF-51 was used at a 1/500 dilution. IgG from LF-30
was purified using protein A Sepharose (Pharmacia, Pis-
cataway, NJ) and was used at 10 ug/ml. Rabbit antibody
specific for the poly E region of human versican, VC-E,

was kindly provided by Richard LeBaron (University of
Texas at San Antonio, San Antonio, TX) and was used at
a 1/500 dilution.?® A rat monoclonal antibody specific for
murine EHS heparan sulfate PG (perlecan) that recog-
nizes the perlecan core protein of human, bovine, and
mouse and does not cross-react with basement mem-
brane proteins or fibronectin was purchased from Up-
state Biotechnology (Lake Placid, NY) and used at 1
pg/ml. Monoclonal antibodies for PDGF were: PGF007
from Mochida Pharmaceutical Co. (Tokyo, Japan), spe-
cific for human PDGF-B (residues 73 to 97 of the mature
B-chain), used at 0.8 ug/mi®2; 6C-51, specific for the long
form of PDGF A-chain (immunogen was recombinant
human PDGF-A, one), from G. Pierce and J. Tarpley (Am-
gen, Thousand Oaks, CA), used at 2 pug/mi®®; and a
rabbit polyclonal antibody to PDGF A-chain that was
generated by immunization with a peptide corresponding
to the amino-terminal 30 amino acids of human PDGF-A
(Santa Cruz Biotechnology, Santa Cruz, CA). Affinity-
purified anti-peptide (19 to 21 amino acids) antibodies
specific for each of the TGF-8 isoforms 1, 2, and 327 and
antibodies specific for the corresponding latency-asso-
ciated peptide (LAP), ie, TGF-B1-LAP, TGF-B2-LAP, and
TGF-B3-LAP,2" were used at 1.25 ug/ml except for the
B1-LAP and B3-LAP antibodies, which were used at 2.5
ng/ml. Biotinylated hyaluronan-binding region (bHABR)
of aggrecan was used as a specific probe for detection of
hyaluronan (4 ug/ml)?® and was kindly provided by
Charles Underhill (Department of Anatomy and Cell Biol-
ogy, Georgetown University, Washington, DC). Monoclo-
nal antibody HAM 56 to human macrophages?® and an
antibody specific for smooth muscle a-actin generated
by immunization with the amino-terminal decapeptide of
human smooth muscle a-actin (clone asm-1, Boehringer-
Mannheim, Indianapolis, IN) were used to identify mac-
rophages and SMCs, respectively.

Immunohistochemistry

Sections of aortic specimens were deparaffinized in His-
toclear (National Diagnostics, Atlanta, GA) and rehy-
drated in a descending ethanol series. Slides were incu-
bated in phosphate-buffered saline (PBS) containing
0.3% H,0,, 0.1% sodium azide for 10 minutes to quench
endogenous peroxidase activity. After rinsing in PBS,
specimens to be stained with PG antibodies (except
perlecan) were digested with chondroitin ABC lyase (ICN
Biomedicals, Costa Mesa, CA) at 250 mU/ml in 0.1 mol/L
Tris/acetate, pH 7.3, for 1 hour at 37°C. Specimens to be
stained with perlecan, TGF-B, and TGF-B-LAP antibodies
were digested with Streptomyces hyaluronidase (Sigma
Chemical Co., St. Louis, MO) at 10 U/ml in 0.1 mol/L
sodium acetate, 0.85% NaCl, pH 5.5. The appropriate
dilution (see above) of primary antibody was applied in
PBS containing 1% bovine serum albumin, and sections
were incubated overnight at 4°C (growth factor antibod-
ies, a-actin, and HAM 56) or for 1 hour at room temper-
ature (PG antibodies). After rinses with PBS, a 1/1000
dilution of the appropriate biotin-conjugated secondary
antibody (Zymed, South San Francisco, CA) was applied
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Table 1. Proteooglycan and Hyaluronan Distribution in Experimental Lesions of Atherosclerosis as Compared with Normal Aortas

Normal vessel

Fibrous plaque

PG or GAG Endothelial cells SMCs Endothelial cells SMCs Macrophages Fibrous cap Plaque core
Perlecan +++ S ++ +++ +++ ++ + +++
Decorin* + ++ + + +++ + +++
Biglycan —/+ ++ ++ +++ + +++ —/+
Versican - ++ —/+ +++ - +++ -
Hyaluronan ++ + ++ +++ +++ +++ +++

Results are expressed as follows: —, undetectable staining; —/+, variably detectable; +, detectable staining; ++, moderate staining; +++, strong
staining. *Staining for PGs was primarily extracellular, except for decorin, which also showed intracellular staining. Column heads indicate the major
cell type or lesion component in the vicinity of intense staining. Note that these data reflect the overall relative staining intensity within lesions and do
not necessarily reflect actual quantitative differences between different PGs. Reliable comparisons can be made only between cell types or between

structural features.

and incubated for 30 minutes at room temperature. Slides
were washed three times and then incubated with a
1/5000 dilution of streptavidin conjugated to horseradish
peroxidase for 10 minutes. Color was developed with
diaminobenzidine, and sections were counterstained
with methyl green. Contrast of the brown reaction product
was enhanced using a BG12 filter during photomicro-
graphy, and all micrographs were printed under identical
conditions. Control sections were incubated with the
proper dilution of normal serum or IgG to match the
conditions or isotype of the specific antibodies. Specific-
ity of hyaluronan staining was verified by abolition of
staining by pretreatment of the sections with Streptomy-
ces hyaluronidase (data not shown). The specificity of the
PDGF antibodies was demonstrated by abolition of stain-
ing with a 10-fold molar excess of the appropriate PDGF
isoform2327 (data not shown).

Results

Proteoglycan Distribution Depends on Lesion
Stage and Structural Features

Normal nonhuman primate arteries were compared im-
munohistochemically with those after diet-induced hyper-
cholesterolemia to evaluate changes in the distribution of
the PGs perlecan, decorin, biglycan, and versican and
the glycosaminoglycan hyaluronan. In the normal aortic
media (Table 1), immunostaining for the four PGs and
hyaluronan is relatively uniform in the matrix surrounding
the SMCs, with occasional patches of increased immu-
noreactivity. Staining for perlecan and hyaluronan is
prominent in the endothelial basement membrane,
whereas decorin, biglycan, and versican staining is faint
directly around the endothelium but more intense in the
deeper, loose matrix underlying the endothelium (data
not shown). Biglycan immunostaining is closely associ-
ated with elastic fibers. In the adventitia, prominent stain-
ing of decorin and hyaluronan is observed, but no immu-
nostaining is detected with antibodies to versican,
biglycan, or perlecan.

To evaluate changes associated with developing le-
sions of atherosclerosis, lesions from animals fed a high-
cholesterol diet for 11 months were examined. The
plasma cholesterol levels in these animals (650 to 760
mg/dl) are very high and are comparable to those ob-

served in patients with type Il familial hypercholesterol-
emia. However, the cellular changes observed in animals
with very high-level hypercholesterolemia are similar to
those observed in animals with low-level hypercholester-
olemia whose plasma cholesterol levels (200 to 400 mg/
dl) more closely mimic individuals at risk for atheroscle-
rosis in the general population.®®3' With low-level
hypercholesterolemia, the cellular changes progress
more slowly. The cephalad progression of atherosclerotic
lesions in the nonhuman primate means that animals
sacrificed after 6 to 12 months of diet administration will
have a spectrum of lesions throughout their aortic tree.
Depending on the level of hypercholesterolemia, an ani-
mal can have extensive fibrous plagues in the iliac arter-
ies and lower abdominal aorta, whereas early fatty
streaks and mixed intermediate lesions will be found in
the thoracic aorta.

In early fatty streaks, PG immunostaining is generally
weak around the thin, subendothelial layer of foamy mac-
rophages but is stronger and seen in a patchy distribution in
the underlying media (data not shown). Perlecan immuno-
staining is strong in the subendothelial basement mem-
brane as seen in the normal vessels. In intermediate lesions,
characterized by the presence of both SMCs (Figure 1A)
and macrophages (Figure 1B), there is a differential distri-
bution of the four PGs and hyaluronan. Perlecan immuno-
staining (Figure 1D) is generally more intense in the media
than in the developing neointima. In contrast, antibodies to
decorin (Figure 1E) stain the neointima somewhat more
intensely than the media, and staining is strongest in the
luminal region (inner third) of the neointima in the develop-
ing fibrous cap. The antibody for biglycan (Figure 1F) prom-
inently stains the neointima of early-intermediate lesions.
The pattern of biglycan immunostaining appears to be as-
sociated with the SMC-rich regions of the lesions and
closely matches the pattern of a-actin immunostaining
(compare Figure 1, A and F). There are some areas of
a-actin positivity, such as directly above the internal elastic
lamina, with less apparent staining for biglycan or the other
PGs. This is mainly due to the longitudinal orientation (and
thus transverse sectioning) of these SMCs, which renders
the extracellular matrix between them less visible. Interme-
diate lesions stain intensely with the versican antibody and
the hyaluronan-binding protein as compared with the un-
derlying media. Versican immunostaining (Figure 1G) is
associated primarily with the matrix in SMC-rich areas,
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Figure 1. Increased levels of some PGs and the growth factors PDGF and TGF-B in intermediate lesions. Sections of abdominal aorta were immunostained with
antibodies specific for the molecules indicated on each micrograph. Antibodies to biglycan (F) and versican (G) and a biotinylated probe for hyaluronan (H) show
strong neointimal staining compared with underlying media and normal vessels (data not shown). Also note the similarity in localization of decorin (E) and
TGF-B1 (1) immunostaining and of staining for a-actin (A), biglycan (F), and the long form of PDGF A-chain (J). The internal elastic lamina (IEL) is indicated with
an arrowhead. Micrographs were photographed and printed under identical contrast conditions. Magnification, X150.
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Figure 1. (Continued)

whereas hyaluronan (Figure 1H) is detected throughout the
lesions around both SMCs and macrophages. In the media
beneath the intermediate lesions, PG staining is similar to
that of the media in normal tissue, ie, diffuse staining with
patches of strong immunoreactivity. Therefore, in this and
similar intermediate lesions, neointimal staining for versican,
hyaluronan, biglycan, and decorin is stronger than the un-
derlying media, whereas perlecan immunostaining in the
lesion is weaker than the underlying media. Staining for
biglycan, versican, and hyaluronan is particularly strong
where SMCs and macrophages are closely apposed.

In more advanced lesions (Figure 2 and Table 1),
localization of specific PGs appears to correlate with
particular structural features of the plaque. For example,
perlecan immunostaining (Figure 2D) is particularly en-
riched around the margin of the plaque core where there
is a mixture of SMCs and macrophages. Here, perlecan
is seen in thin structures that closely match the distribu-
tion of a-actin-positive cells. Perlecan is also observed in
the superficial cap and endothelial basement membrane,
and patches of stronger perlecan immunostaining are
observed in the inner media directly beneath the lesions.
Occasionally, perlecan staining is virtually absent in
some areas of the media (see arrowhead in Figure 2D).
Another consistent finding is the enrichment of versican
immunostaining in the fibrous cap and plaque margins
(Figure 2G) but an absence of staining in the macro-
phage-rich plaque core. In direct contrast, staining for
hyaluronan (Figure 2H) is prominent in both the fibrous
cap and plague core.

Decorin (Figure 2E) and biglycan (Figure 2F) immuno-
staining in more advanced lesions is partly overlapping
but mostly discordant. For example, when Figure 2, E and
F, are compared, immunostaining for both biglycan and
decorin is localized to the the fibrous cap. However,
decorin immunostaining is strong in macrophage-rich re-
gions, hugging the plaque core and in the superficial-
most layer of the fibrous cap. In contrast, biglycan immu-
nostaining is more widely distributed around SMCs of the
intima and is less intense in the atheromatous core. There
were also overlapping and exclusive areas of biglycan
and perlecan immunostaining (compare Figure 2, D and
F). Furthermore, biglycan staining is consistently ob-
served in close association with elastin, both in the inter-
nal elastic lamina and in the (presumably) newly forming
elastin sheets in the neointima (Figure 3A). This is found
in normal and many diseased specimens and is not
necessarily related to lesion stage. On the other hand,
neither decorin (Figure 3B), which was previously local-
ized to elastic fibers immunohistochemically in human
dermis,'© nor perlecan (see Figure 2) are observed in
close association with elastin in aortic tissue.

PDGF and TGF-B Isoform Expression Varies
with Cell Type
The regional variation in PG staining intensity within le-

sions suggests that there are local differences in PG
deposition and/or degradation. As both PDGF and TGF-B8
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Figure 2. PGs, PDGF, and TGF-B have distinct distributions in advanced fibrous plaques. Intense staining with antibody to perlecan (D) is observed in the SMCs
bordering the plaque core, in the subendothelial matrix, and in patches in the underlying media. Biglycan (E) and decorin (F) exhibit overlapping and exclusive
immunostaining in the fibrous cap and plaque core. Versican immunostaining (G:) is strong in the fibrous cap but is not seen in the plaque core, whereas
hyaluronan (H) is localized to both regions. TGF-B and PDGF staining (I to L) is strongest in the macrophage-rich plaque core, but TGF-B2 and PDGF A staining
is also detected in plaque and medial SMCs. Note similarity between decorin (E) and TGF-B1 (I) and -B2 (J) immunostaining. The arrowhead indicates the position
of the IEL. Magnification, X60.
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Figure 2. (Continued)

are known to stimulate specific PG synthesis by vascular
cells,""2 adjacent sections were stained with antibodies
to different isoforms of these growth factors. General
results regarding cell type and topographical distribution
of immunoreactivity for these growth factors are summa-
rized in Table 2. In normal vessels, immunostaining for
PDGF-B and TGF-B is generally weak or absent (Table 2)
but is present in macrophages in early fatty streaks (data
not shown). However, immunostaining for PDGF-A and
TGF-B2 and -B3 is detectable in the SMCs of normal
vessels and in both macrophages and SMCs in early fatty
streaks.

In intermediate and advanced lesions, immunostaining
for PDGF B-chain (Figures 1K and 2K) and TGF-B1 (Fig-
ures 11 and 2l) is primarily observed in macrophage-rich
areas, with weaker staining of SMCs. Occasionally,
strong PDGF-B immunostaining is observed in the SMCs
of the media directly underlying a developing lesion (Fig-
ure 1K). In contrast, PDGF A-chain (Figures 1L and 2L) is
clearly associated with intimal SMCs, based on co-local-
ization with a-actin-positive cells, but is also seen in
macrophage-rich zones and directly adjacent to the lu-
men. This same immunostaining pattern is observed us-
ing two separate antibodies to PDGF-A, one specific for

orin

Figure 3. Biglycan is concentrated in areas of elastic fibers. High-power micrograph from the base of an intermediate lesion in which the IEL and newly forming
elastic laminae in the neointima are strongly positive for biglycan (A) but not decorin (B) immunostaining. Magnification, X580.
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Table 2. PDGF and TGF-B Localization in Experimental Lesions of Atherosclerosis as Compared with Normal Vessels

Normal vessel

Fibrous plague

Growth factor Endothelial cells SMCs Endothelial cells SMCs Macrophages  Fibrous cap Plaque core
PDGF B - —/+ - —/+ +++ —/+ +++
PDGF A + ++ =/+ +++ ++ +++ ++
TGF-B1 - - + —/+ +++ + +++
TGF-B1 LAP + - ++ + +++ ++ +++
TGF-B2 -/+ —/+ + ++ +++ ++ +++
TGF-B2 LAP + + ++ +++ +++ ++ +++
TGF-B83 =/+ -/+ ++ ++ +++ ++ +++
TGF-B3 LAP ++ ++ ++ +++ +++ ++ +++

Results are expressed as follows: —, undetectable staining; —/+, variably detectable; +, detectable staining; ++, moderate staining; +++, strong
staining. Staining for all growth factors was intracellular. Little or no matrix staining was detected. Note that these data refiect the overall relative
staining intensity within lesions and do not necessarily reflect actual quantitative differences between different growth factors. Reliable comparisons

can be made only between cell types or structural features.

the long form (ie, containing exon-6-encoded sequence,
Figure 1L), and the other, which recognizes both the long
and short isoforms (data not shown). Whereas TGF-B1
immunoreactivity is most prominent in macrophages, im-
munostaining for TGF-p2 (Figure 1J) and TGF-B3 (not
shown, see Table 2) is associated with both macro-
phages and smooth muscle. The regional distributions of
TGF-B2 and -B3 are identical. Although there is some
diffuse staining of the extracellular matrix in the lesions
with antibodies to mature TGF-B and PDGF, there is little
evidence for extensive extracellular localization of any
growth factor.

TGF-B is secreted as a latent molecule composed of
the latency-associated peptide (LAP) and the mature
growth factor. On activation by proteases, the mature
functional dimer is released.2 Thus, although antibodies
to epitopes on the LAP region or the mature region can-
not distinguish active from latent TGF-B, immunostaining
with the anti-LAP antibodies most likely indicates the cells
that synthesize and secrete the TGF-B proteins. Immuno-
staining for the LAPs of the respective TGF-8 isoforms
(TGF-B-LAPs) is similar to that of the mature growth fac-
tors except that the immunoreactivity is more intense for
the LAPs (Table 2). These data suggest that macro-
phages, SMCs, and endothelial cells synthesize and se-
crete all three isoforms of TGF-8.

Localization of Specific Proteoglycans Is Related
to TGF-B and PDGF Distribution

When the spatial distribution of staining for PGs and
growth factors is compared, patterns emerge that imply
possible autocrine and/or paracrine effects on PG accu-
mulation or potential interactions between PGs and
growth factors. Although the number of sections between
two stained slides varies, structural features of the lesion
are similar, and general trends in relative distributions are
observed. For example, in the intermediate lesion (Figure
1), the distribution of TGF-B1 immunostaining (Figure 11)
coincides with that of decorin (Figure 1E), in that both are
strong in the macrophage-rich inner third of the lesion.
Concordant distribution of decorin and TGF-81 and
TGF-B2 is readily apparent in several advanced lesions,
particularly in macrophage-rich zones in the plague core

and near the luminal surface (compare Figure 2, E with |
and J). Another representative example is shown in Fig-
ure 4 in which the immunostaining for TGF-g1 (Figure 4D)
and decorin (Figure 4E) is intense in the macrophages at
the luminal surface and in the plaque core of an interme-
diate-advanced lesion. In contrast, biglycan (Figure 4F)
is deposited in large amounts in the adjacent intervening
SMC matrix, particularly beneath the TGF-B1-positive
macrophages at the luminal surface. It should also be
noted that, in this example, the macrophages at the lu-
minal surface, which are positive for TGF-g1, are nega-
tive for PDGF-B (Figure 4B) and PDGF-A_ (Figure 4C),
indicating variability in growth factor expression by dif-
ferent populations of macrophages.

Evidence that PG deposition may reflect paracrine
stimulation by growth factors is provided in Figure 5.
Biglycan immunostaining (Figure 5B) is especially abun-
dant in the smooth muscle matrix in areas immediately
adjacent to macrophages, which are strongly positive for
TGF-B1 (Figure 5A, upper part of the lesion), but less
intense adjacent to cells positive for PDGF B-chain (Fig-
ure 5C, lower part of the lesion). In contrast, versican
immunoreactivity (Figure 5D) is present in the smooth
muscle matrix adjacent to both TGF-g1- and PDGF-B-
positive macrophages. Figure 6 illustrates at higher mag-
nification the consistently observed close proximity of
intense biglycan staining (Figure 6, B and D) adjacent to
TGF-B-positive macrophages (Figure 6, A and C), per-
haps reflecting stimulation of biglycan in SMCs by locally
released TGF-B.

Discussion

Proteoglycan Involvement in Lesion Structure
and Matrix Remodeling

This study has demonstrated that in lesions of atheroscle-
rosis in nonhuman primates the accumulation of specific
PGs varies with lesion severity and with the distribution of
cells and growth factors within the plaque, suggesting
that different PGs play distinct roles during lesion pro-
gression. Altered levels of specific PGs may directly af-
fect material properties of the tissue via their contribution
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Figure 4. Biglycan and decorin have distinct and overlapping distributions. Note the similarity of TGF-B1 (D) and decorin immunostaining (E), which is associated
mainly with macrophage-rich areas. In contrast, biglycan immunostaining (F) is enhanced in the SMC matrix in the fibrous cap between decorin and
TGF-B-positive areas, and also just above the IEL. The variability of TGF-B and PDGF expression by macrophages within the lesion is also illustrated. Note the
lack of staining for PDGF B-chain (B) and PDGF A, (C) but strong staining for TGF-B1 (D) in the more luminal macrophages (arrows). Magnification, X150.

to swelling or indirectly by their potential to affect poly-
merization, degree of packing, and structural arrange-
ment of fibrous matrix components such as collagen or
elastin. Ultrastructural studies have shown that large
chondroitin sulfate PGs (ie, versican) are found in pock-
ets between bundles of collagen fibrils, and dermatan
sulfate PGs (ie, decorin) are within collagen fibril bun-
dles.?® Targeted disruption of decorin expression leads
to abnormal collagen fibril morphology and skin fragili-
ty.33 Therefore, the presence of increased levels or spe-
cific combinations of PGs, such as decorin or versican
and hyaluronan in the fibrous cap and plaque margins,
can influence the mechanical continuity or isotropy of the
fiber system3* and thus directly affect the susceptibility of
the plaque to rupture.

A number of studies have localized chondroitin sulfate
PGs in the matrix of normal and atherosclerotic arter-
ies.2335-38 However, it has only recently become clear
that the bulk of the chondroitin sulfate in vessels is asso-
ciated with versican.?” Versican is known to bind hyalu-
ronan, and together they form large multimolecular ag-
gregates.®® Our observation that versican and
hyaluronan show similar localization in the SMC matrix
suggests that aggregate formation may occur in lesions
of atherosclerosis. The marked increase in versican and
hyaluronan in early lesions also suggests that they may
play a role in the early events of atherogenesis, such as
proliferation and migration of SMCs and leukocytes. Hya-
luronan and versican synthesis is up-regulated in prolif-
erating cells after stimulation with serum or PDGF.'""3
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Figure 5. PG staining patterns suggest the paracrine action of growth factors on PG accumulation. Biglycan (B) is deposited in the SMC matrix adjacent to
TGF-B1-positive macrophages in the upper part of the neointima. Versican (D) accumulations are seen in the SMC matrix around both TGF-B- and PDGF-positive
macrophages. The IEL can be seen in the lower left corner of the field. Magnification, X150.

Furthermore, hyaluronan and versican are principal ma-
trix components of human restenotic lesions®“° and have
been shown to contribute to neocintimal thickening after
vascular injury in vivo®® and play a role in locomotion and
mitosis of cells in vitro.*"*2 Organization of hyaluronan
and versican-rich pericellular matrices may modulate cell
attachment to fibrillar matrix components, thereby facili-
tating detachment necessary for locomotion or mitosis*?
(Evanko and Wight, unpublished observations). An abun-
dance of versican early in atherogenesis could also pre-
dispose the extracellular matrix to increased lipid entrap-
ment due to the binding of lipoproteins by the chondroitin
sulfate chains,'® an idea supported by co-localization

of versican with apolipoprotein (a) and apolipoprotein E
in transplant arteriopathy.*®

Recent studies indicate that versican is a substrate for
metalloproteinases such as stromelysin, matrilysin, and
gelatinase.**4® The absence of versican immunostaining
in the plaque core in advanced lesions may be the result
of degradation by these macrophage-derived pro-
teases**€ as matrilysin was shown to be confined to the
border between the lipid core and the overlying fibrous
areas in advanced human lesions.** Loss of versican
from the plaque may result in instability of the matrix in a
manner similar to that seen when the chondroitin sulfate
PG aggrecan is lost from cartilage in osteoarthritis.*”
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Figure 6. Biglycan deposition parallels TGF-B staining of macrophages. High-power micrographs illustrate the close proximity of biglycan accumulation in the
matrix of SMC-rich areas that are frequently observed adjacent to TGF-B1-positive macrophages. TGF-B1 (A) and biglycan (B) are adjacently localized near the
luminal surface of the same advanced lesion shown in Figure 4 and in a different advanced lesion near the base of the plaque core with TGF-B-positive
macrophages in the core (C) and intense biglycan staining (D) in the adjacent smooth muscle matrix. Magnification, X580.

The role of biglycan in arterial cell biology or in the
supramolecular organization of the extracellular matrix is
unclear. Biglycan and decorin core proteins are highly
similar.2* However, decorin has been shown to bind to
collagen and regulate collagen fibril formation,®°-32 put
there are conflicting reports regarding the binding of
biglycan to collagen.2® Recently, reciprocal immuno-
staining of biglycan and decorin was seen in transplant
arteriosclerosis*® and in human restenotic lesions.* In the
latter study, biglycan staining of the loose connective
tissue was intimately associated with staining for collagen
types | and lll. Both decorin and biglycan have been
localized to elastic fibers in human dermis.’® Biglycan
and tropoelastin mRNA expression was elevated in bal-
loon-injured rat carotid arteries,® and our results suggest
that biglycan is a major PG associated with elastin in
primate arteries and are similar to observations in human
coronary arteriopathy.® It is possible that this association
somehow affects elastin polymerization or cross-linking.

Perlecan is predominantly associated with the media in
normal vessels and early stages of lesion formation but is
prominent in the SMC matrix near the plague core of
more advanced lesions. Recent studies implicate this
basement membrane heparan sulfate PG in regulating
autonomous growth by vascular SMCs and suggest that
breakdown of the basement membrane and loss of inter-
action with perlecan releases cells from their quiescent

state via regulation of transcription factors.*® The depo-
sition of perlecan may represent re-establishment of a
basement membrane around the SMCs. Therefore, it
would be of interest to compare perlecan staining with
other basement membrane components, such as colla-
gen type IV, and with markers of SMC phenotype.

Locally Released Growth Factors in Developing
Lesions of Atherosclerosis: Possible Regulation
of Specific Proteoglycans

Our data demonstrate that the complex mixture of growth
factors in developing lesions is dependent on cell type.
Neither PDGF-B nor TGF-B1 are present to any significant
extent in normal vessels. Both, however, are particularly
prominent in macrophages in intermediate and ad-
vanced lesions induced by hypercholesterolemia, con-
sistent with earlier observations made in advanced hu-
man lesions.2"22 Qur data also indicate that PDGF
production varies with location in the lesion, with exam-
ples of more luminal macrophages staining for TGF-B1
but not for PDGF-B or PDGF-A. This may reflect different
macrophage subpopulations or time of entry into the
vessel wall or different states of maturation and activation
as has previously been reported for other markers of
macrophage differentiation within lesions.5°
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In contrast to PDGF-B and TGF-B1, increased levels of
PDGF-A and TGF-B2 and -B3 are observed in both SMCs
and macrophages in intermediate and advanced lesions.
Immunostaining for PDGF-A in the present study is more
extensive than previously reported in polytetra fluoro eth-
ylene grafts®' and in renal vascular rejection.>® The rel-
atively intense immunostaining for TGF-B2 and -B3 in
SMCs, macrophages, and endothelium contrasts some-
what with remodeling pulmonary arteries in which stain-
ing for TGF-B was seen primarily in nonfoamy macro-
phages and endothelial cells.2' The differential
localization of TGF-B1 and TGF-B2 and -B3 in our study is
of interest, as separate functional responses to these
isoforms have been shown in cultured SMCs and endo-
thelial cells.®3

The simple presence of isoforms of TGF-B does not
conclusively indicate their involvement as activation of
the latent TGF-B complex often requires contact between
two different cell types and is highly regulated. However,
elicited macrophages are able to release active TGF-B1
on their own,®' and in a model of pulmonary inflammation
and fibrosis, alveolar macrophage secretion of active
TGF-B1 has been shown to be regulated by coordinate
release of plasmin.5* Thus, although we observed no
differences in the immunolocalization of the different ma-
ture TGF-B isoforms and their respective latency-associ-
ated proteins, the presence of LAP does not mean that all
of the TGF-B is inactive. A recent study showed that
embryonic mesoderm induction by TGF-B1 occurs only
when ligand-producing cells are in direct contact with
responsive cells.>® However, the diffusibility of factors
such as TGF-B or PDGF within the vascular extracellular
matrix is not known.

The close juxtaposition of PG- and PDGF- and TGF-
B1-positive areas suggest that the local combination of
growth factors may influence PG accumulation. For ex-
ample, the concentration of biglycan in SMCs beneath
TGF-B1-positive macrophages may reflect paracrine
stimulation of biglycan synthesis by macrophage-acti-
vated TGF-B1. This would be consistent with studies in
the atherosclerotic pulmonary artery in which the active
form of TGF-B1 was observed exclusively in macro-
phages and localized adjacent to type | procollagen
mRNA-expressing SMCs.2" Our observations of intense
staining for biglycan adjacent to TGF-B1-positive macro-
phages, but less intense staining adjacent to PDGF-B-
positive, TGF-B1-negative macrophages are consistent
with in vitro studies that show biglycan expression to be
specifically up-regulated by TGF-B1 and not by PDGF in
SMCs."?

In contrast to biglycan, versican accumulation is ob-
served in SMCs adjacent to both PDGF- and TGF-B1-
positive macrophages. Both of these factors increase the
synthesis and glycosaminoglycan chain length of cul-
tured SMC-derived versican.'' Anti-TGF-B1 antibody
treatment in the rat carotid artery injury model decreased
versican accumulation after injury.® Thus, specific PG
deposition that parallels PDGF- and/or TGF-B1-positive
cells is observed during development of atherosclerosis
and is consistent with specific in vitro activities of PDGF
and TGF-B1 in SMCs.

There is growing evidence that PGs can regulate cell
behavior either directly or through interaction with growth
factors. 1495657 For example, both perlecan and decorin
have direct growth-suppressive activity.*®:5” In addition,
matrix-associated heparan sulfate PGs, such as perle-
can, can bind to PDGF A .4 and fibroblast growth factor
and thus influence their activity.5®>° Decorin and related
PGs have also been shown to interact with TGF-B1 and
possibly neutralize its activity.®° Decorin infusion in a
model of glomerulonephritis attenuated extraceliular ma-
trix accumulation associated with the disease process,
possibly in part through interaction with locally released
TGF-B.5" In our study, TGF-B1 and decorin were consis-
tently observed to have a similar cellular distribution,
comparable to accumulations of both in hypertrophic
scar tissue in humans.®2

As demonstrated in this study, the PG composition of
the developing lesion is dynamic and appears to be
spatially related to the expression of PDGF and/or TGF-
B1. Our challenge is to understand how this dynamic
regulation of PGs affects lesion progression. Is the rela-
tive absence of perlecan in early lesions permissive to
cellular infiltration and proliferation? Does early accumu-
lation of versican in developing lesions enhance lipid
deposition? Does the loss of versican from macrophage-
rich areas, such as the plaque core and shoulders, affect
plaque stability? Does biglycan association with elastin
alter its polymerization or cross-linking and, therefore, the
structural integrity of the vessel? Answers to questions
such as these will help us elucidate the role of specific
PGs in maintenance of the vessel wall integrity and the
response of cells to locally released growth factors, such
as PDGF and TGF-B1.
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